vessels to reduce the underwater-radiated noise.
As for the underwater radiated-noise of fisheries research vessels, the level is requested to be as lower as possible to keep the performance of acoustic surveying instruments such as an integrated fish finder.
Moreover, many fishes are so sensitive to the noise in the low frequency region that the noise level must be limited to prevent the fish avoidance against the noise.
For this purpose, ICES recommended the maximum level of the underwater-radiated noise for a fisheries research vessel as shown in Fig. 1 1) . The recommendation consists of two parts as described bellow.
(1)
The criterion in the low frequency region (1< f Hz < 1,000) comes from the request of prevention of the fish avoidance, and in the high frequency region (1,000 < f Hz < 100,000) from the acoustic survey capability, respectively. The detail of these criteria is described in the reference [1] . As researchers usually desire the satisfaction of the ICES's recommendation, resent fisheries research vessels have almost began to reflect this recommendation in their construction specifications.
In this paper, the authors discuss the noise sources and propose a design method to reduce the noise particularly for a small vessel, referring to the example of the small fisheries research vessel 2) .
Noise Sources and Design to Reduce Underwater Radiated Noise
In order to design the vessel with low underwaterradiated noise, the noise sources and mechanisms are correctly grasped. For this purpose, the conceivable noise sources are summarized in Table 1 . These noise sources can be divided into two groups.
Machinery Noise
The first group is the machinery noise that comes from the vibration induced by the main engine, generator engine, gearbox and pumps installed in engine room. The frequency domain of this noise is generally less than 10 kHz. To reduce underwater-radiated noise from diesel engines, suitable rubber beds must be selected. As for the gearbox of main engine, it sometimes makes a significant noise peak around 1 kHz as shown in the example in Fig. 2 , and then the rubber beds must be also installed here. In this case, it is necessary to design the suitable mass-spring system to Fig. 1 Recommended maximum underwater-radiated noise level by ICES at 11 knots free-running for all vessels used in fisheries research 1) . avoid a torsional vibration, because the main engine and the gearbox are connected by an elastic coupling.
As the machinery noises are mainly produced in engine room, it is useful to coat a damping paint inside of the ship hull of engine room. This kind of hull damping material is already in market and easy to be applied.
Propeller Cavitation Noise
The frequency domain of propeller cavitation noise is from 1 kHz to 100 kHz and significantly disturbs the acoustic instruments. In order to reduce the propeller cavitation noise, the following design procedures are required as described in Table 1 .
As for the reduction of propeller load, it is necessary to reduce the hull resistance obviously. For this pur- , it is necessary to find out cavitation area on the propeller blades. Although the precise characteristic of propeller cavitation is not easy to be predicted using the cavitation tunnel test, the cavitation area can be roughly estimated by the following empirical method. Fig. 3 shows the relations among the thrust load coefficient τ, cavitation number σ and back cavitation area ratio that is defined by the total area of cavitation on the backside (ship side) blade against the propeller disk area. The definitions of the vertical axis τ and the horizontal axis σ are as follows: (2) (3) where Τ : propeller thrust ρ : density of water In Fig. 4 , the example of calculated noise levels are plotted with Ship-A that is the small fisheries research vessel mentioned later, assuming several back cavitation area ratios. In this figure, ICES's minimum recommendation line and the measured underwater-radiated noise spectra of the large fisheries research vessels "Dr. F. Nansen", "Corystes" and "Ship-K" are also plotted. From these comparisons, it is found that less than 10 % of back cavitation area ratio is required to satisfy ICES's recommendation, and less than 1 % of back cavitation area is required to achieve the world lowest level with the underwater-radiated noise.
Example of Design and Construction of the Small Fisheries Ship
The Ship-A 2) , designed here, is a small fisheries research vessel with stern trawler. In designing this vessel, the reduction of underwater-radiated noise is aimed in order to prevent any trouble for the newest acoustic research equipments. For this purpose, the vessel's hull form under the water is sharply slimed and the hull damping material is applied for the reduction of machinery noise. In addition, the hull structure is designed so that the center of gravity becomes lower to secure the safety and stability. The principal particulars and the general arrangement are shown in Table 2 and Fig. 5 respectively. 
Arrangements for the Reduction of Underwater-Radiated Noise Level
In order to minimize the underwater-radiated noise level, almost all design procedures in Table 1 have applied.
For the reduction of machinery noise, 
Result of the Measurement of Underwater-Radiated Noise
The measured spectra of underwater-radiated noise at 10 and 11.6 knots free-running speed of Ship-A are shown in Fig. 7 , where the measured spectra of the fisheries research vessel "Corystes", "Dr. F. Nansen"
are shown for comparison. These vessels are the typical fisheries research vessels whose underwater-radiated noise level are lowest class in the world, and contributed to the establishment of ICES's recommendation. Besides, the propulsion system of "Corystes" is electric motor driven and called the ship with the world lowest noise level. These vessels are listed in Table 3 . Brown's formulas with the extended Burrill's chart (Fig. 3) are very useful for the prediction of the cavitation noise level.
4) Utilising these methods, the small fisheries research vessel that satisfies the ICES's recommendation was designed successfully.
